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Project Summary

The initial goals of this project were to examine and develop practical photonic technologies suitable for
shared-aperture phased-array environments. During the early stages of this program, a close partnership
developed between UCSB and Toyon Research Corporation, a neighboring company with strong interests
in this area and similar ties to Office of Naval Research funding. In consultation with the ONR program
director (Dr. William Miceli), the focus of this project was shifted slightly to focus mostly on one of the
two photonic technologies described in the original proposal, namely, indirect optical control of
microwave circuits and antennas. This final report summarizes extensive work in this area, adapted from
the PhD thesis of Dr. Amit Nagra, the primary recipient of support under this program.

This effort resulted in an integrated optically-variable capacitor (OVC) technology which can be
implemented in a variety of RF circuit and radiating structures for optical control. This technology was
developed using monolithic GaAs-based photovoltaic devices and varactors developed at UCSB. A novel
integration scheme and circuit were successfully developed and demonstrated in several RF circuits
(tunable filters and phase shifters) and antennas (planar folded-slot structures). An especially attractive
feature of the technology is the extremely low optical power requirement; the tunable circuits were all
controlled with less then 1 mW of optical power, in some cases less than S00uW. In addition, the indirect
nature of the optical control allows for the independent development and optimization of the optical and
RF circuits, allowing for improved performance in both the optical and RF regimes, and also making the
technology amenable to retrofitting. The resulting technology is well-suited to control of shared-aperture
systems where the attractive features of optical control (light weight, low transmission loss, high speed,
high isolation, microwave transparency, and immunity to EMI) are required.

Finally, this research led directly to the concept of a new beam-scanning technology using a
distributed traveling-wave antenna with embedded variable reactances, and this is currently under
development at UCSB under subcontract to Toyon Research Corp.
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Park, Monticello, Illinois, September 1998.
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Technical Report

1. Optical Control of Microwave Circuits

The motivation for using optical signals for the control of microwave circuits and antennas is presented in
this section. Microwave circuit and antenna applications that benefit from the use of optical control are
listed. A brief survey of currently used optical control schemes is presented and the relative
merits/demerits of the various schemes are discussed. This is followed by an introduction to the Optically
Variable Capacitor (OVC), which has been employed by us for the optical control of microwave circuits
and antennas. The basic principle of operation of the OVC, as well as the reasons for choosing the OVC
for implementing optical control, are presented here.

1.1 Motivation for optical control

Optical control of microwave circuits and antennas is attractive for several reasons. One of the
major advantages of optical control is that the control signal can be transmitted over optical fibers, as
opposed to electronic control, where metallic wires/cables are required. Since optical fibers have low
losses, they are suitable for the distribution of control signals over long distances, as is the case in large
phased arrays and in remotely controlled antennas/circuits. Also, optical fibers are light (1/10 the weight
of copper wire), compact, and flexible making them desirable for airborne and space applications where
volume and weight savings are crucial. The wide bandwidth of optical fibers, along with the high-speed
modulation capabilities of laser diodes/LEDs, makes optical control attractive for applications where
high-speed control is required. Incidentally, due to the advantages discussed above, optical links are also
being deployed in antenna feed networks for the distribution of the microwave signals. Thus the same
fiber link can be used for the simultaneous distribution of the microwave signal (high frequency signal to
be radiated) and the control signal (slower signal for controlling component performance).

The unidirectional nature of the optical to electrical conversion process provides extremely high
isolation between the control circuit and the microwave circuit/antenna being controlled. This is
especially important in high power applications where leakage through the control circuit can cause
interference between the various components. The immunity of optical fibers to EMI (electromagnetic
interference) makes optical control attractive for military applications. Also, optical fibers are virtually
transparent to microwave signals since they are made of low permittivity dielectrics. This non-invasive
nature of optical control makes it desirable in antenna applications where metallic wires/cables are
undesirable because they perturb antenna radiation patterns.

Several microwave control applications benefit from using optical control. High speed switching
and gating of microwave signals using photoconductive switches was amongst the first demonstrations
[1] of optical control and considerable progress has been made in this field since then [2-4]. In addition to
fast transient response, these optically controlled switches have the advantage of high power handling
capability and picosecond timing precision. Another area where optical control has made significant
impact is in the control of remotely located antennas or large phased arrays, where the control signal has
to be sent over long distances. Optical control of the various components commonly employed in antenna




T/R modules such as attenuators [5, 6], amplifiers [7-9], tunable filters [10], switches [4, 11, 12], and
phase shifters [5, 11, 13, 14] has been demonstrated. Significant contributions have also been made in
optical control of oscillator circuits. Optical tuning of oscillation frequency {7, 15, 16], optical injection
locking [7, 16] and optical control of oscillator phase [17, 18] have been demonstrated. Optical injection
locking and phase control is attractive for large active antenna arrays used in power combining and beam
steering applications.
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Figure 1.1: Schematic showing layout of a) Photoconductive antenna b) Optically reconfigurable
synaptic antenna.




Another application where optical control has made major contributions is in reconfigurable
antennas. There are two types of optically reconfigurable antennas: photo-conductive antennas, and
synaptic antennas. Photoconductive antennas consist of selectively illuminated regions on a high
resistivity semiconductor substrate.

A photoconductive bowtie antenna is depicted in fig. (1.1a). The illuminated regions, which are
quasi-metallic in nature due to the high density of optically generated carriers, act as the
radiating/receiving surfaces. By changing the mask pattern, photoconductive antennas of different shapes
and having different properties can be optically generated. The disadvantage of this technique is that large
optical powers (up to 50 W) are typically required for generating high carrier densities over the antenna
surface. The other technique for implementing reconfigurable antennas is to have a grid of radiating
sections interconnected by optically controlled synaptic elements (switches/reactive elements) as depicted
in fig. (1.1b). By turning the switches on/off or by adjusting the reactive loading, the current path or the
current amplitude/phase can be varied, thereby resulting in impedance tuning, beam/null steering and
multi-frequency operation. Synaptic antennas are less versatile than photoconductive antennas since the
underlying grid limits the possible antenna current distributions/shapes. However the synaptic approach
requires much lower optical power since only a discrete number of elements are being controlled, as
opposed to the illumination of large surfaces in the photoconducting antenna case. Note that since
metallic control wires interfere with antenna radiation patterns, conventional electronic control of the
synaptic elements is not feasible and hence optical control is required. Moreover, the optical control
scheme used within the synaptic elements must not require DC bias (since bias supply to the elements
would require the use of metal bias wires).

Optical Control of Microwave Components

Direct Control Indirect Control
Bulk Junction Photovoltaic Biased
Semiconductor Devices Detectors Detectors

Figure 1.2: Classification table of the various optical control schemes

1.2 Comparison of optical control methods

Several different methods are being used for the optical control of microwave circuits and
antennas. They can be broadly classified as direct and indirect control schemes. Direct optical control
involves the illumination of the device being controlled. Here the same device performs both the optical
and the microwave functions. Some direct optical control schemes rely on the illumination of bulk
semiconductor substrates while others involve the illumination of semiconductor junction devices like
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PIN diodes, FETs and Bipolar transistors. Indirect optical control involves the illumination of a dedicated
optical detector that converts the optical control signal into a suitable electrical form, and controls the
performance of a microwave device. Thus the optical and microwave functions are separated and
performed by different devices. Depending on the photodetector bias conditions, indirect control schemes
may be classified as photovoltaic control and control using biased detectors. Fig. (1.2) depicts the various
optical control methods and how they are classified. The relative merits/demerits of these schemes are

discussed in detail below.

Direct control using bulk semiconductor

This is the simplest of all optical control schemes and is also known as photoconductive control. It relies
on the change in conductivity of semiconductor layers due to the photogeneration of carriers. For strong
illumination intensities, the carrier density in the illuminated regions can be very high [1] and these
regions then behave like degenerate plasmas with quasi-metallic properties. Fig. (1.3) illustrates a shunt
CPW photoconductive switch fabricated on a bulk semiconductor substrate like high resistivity
silicon/semi-insulating GaAs. In the absence of light, the microwave signal gets transmitted through the
CPW structure with extremely small loss. However when the CPW gaps are illuminated, the
photogenerated plasma creates an effective short circuit between the center conductor and ground causing
most of the incident microwave signal to be reflected. Photoconductive conductive switches with up to 45
dB On/Off ratio have been demonstrated [4] but the optical power requirements are high (>100mW). In
some applications like photoconductive antennas, where relatively large areas need to be illuminated, the
optical power requirements can be as high as 50 W.

I1lumination

A
i

Figure 1;3: Shunt CPW photoconductive switch

Good performance of photoconductive devices relies on high carrier density, which is determined
by illumination intensity and bulk carrier lifetimes in the substrate. Substrates with long carrier lifetimes,
such as high resistivity silicon (t >1us), require considerably lower optical power than substrates like
GaAs (1 ~1-5 ns) with short carrier lifetimes, but this decrease in power requirement comes at the cost of
slower switching speeds. Thus there is a trade-off between optical power requirements and switching
speed [4]. Note that photoconductive devices do not require any external DC bias. DC bias may be
optionally used to sweep out the photogenerated carriers and increase the switching speed.




Direct control of junction devices

The effects of optical illumination on the DC and microwave performance of semiconductor
junction devices have been extensively studied. Optical control of both two terminal devices like Gunn
diodes, IMPATT diodes, PIN diodes [5, 16, 19, 20] and three terminal devices such as MESFETs,
HEMTs and HBTs has been demonstrated [7, 8, 21].

Optics
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____I Gate I———
L
Channel

Insulating ———»
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(@)

Source Drain

Channel

Fiber
Illumination

Gate
||
Insulating
Buffer/Substrate
(b)

Figure 1.4: Illumination schemes for direct optical control of FETS.

Since FETs (both MESFETs and HEMTs) are the building blocks of MMICs and are widely used
in microwave control circuits, most attention has been paid to the optical control of FETs. There are two
physical mechanisms [7] responsible for the change in FET parameters under illumination- the
photovoltaic effect (dominant) and the photoconductive effect (weak). To efficiently utilize the
photovoltaic effect, the FET must be biased such that, in the absence of illumination, the channel
underneath the gate is completely pinched off. When illuminated, the light induced voltage (photovoltaic
effect in the gate Schottky diode) forward biases the gate and causing the drain current to increase. Under
these bias conditions, the drain current is a strong function of illumination and the FET behaves like an
optically controlled switch/amplifier. Note that in order for the photovoltaic effect to forward bias the
gate, a sufficiently large gate bias resistor must be used. The switching speed is governed by the time
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required to charge/discharge the gate capacitance through this gate bias resistor. The use of smaller
resistors in the gate bias circuit can improve the switching speed the but at the cost of increased optical
power to maintain the same switch performance [22]. Optically controlled switches with transient times
of 1-10 ps have been demonstrated using commercial GaAs FETs. The switch transient times can be
reduced to about 100 ns by improved FET design (small gate-source and gate-drain capacitance), more
efficient light coupling, and by using the smallest gate bias resistor that allows adequate photovoltage to
develop.

The photoconductive effect in the FETs is due to the presence of optically generated carriers in
the channel/buffer/substrate that are swept across the gate and collected in the drain. The photoconductive
effect is much smaller in magnitude compared to the photovoltaic effect (1-3 orders of magnitude smaller
depending on bias conditions) but the speed of response [23] is much higher (50-100 ps). Due to the small
change in FET drain current with illumination, this effect is useless for the optical control of FET
switches and amplifiers. However it has been utilized for optical injection locking and synchronization of
FET oscillators [7, 17].

One of the major drawbacks of direct optical control of FETs is the difficulty of effectively
coupling light into the channel. Inefficient coupling of light into the active region is the reason why
optical power requirements are moderately high (1-10 mW). FETs used in high frequency applications
have small source-drain spacing (2-5 pm) and the alignment of light to the source-drain opening is
critical. Also, as shown in fig. (1.4a), the gate tends to block some of the incident light. To avoid gate
shadowing, the backside illumination scheme of fig. (1.4b) has been suggested [7] but the problem of
small alignment tolerance still remains.

Indirect photovoltaic control

The basic principle of indirect photovoltaic control is illustrated in fig. (1.5). Here a photovoltaic (PV)
array is used to convert the optical control signal into an electrical bias signal that varies the operating
point of the microwave device/circuit. Since the PV array has no microwave requirements, its structure
can be optimized for efficient coupling and absorption of light, thus reducing the optical power required.
The indirect optical control of devices such as FETs [12, 24] and varactor diodes [25] has been
successfully demonstrated using optical powers less than 1 mW.

v | ¢
Optical —» , Mi
Control —» ]:%1as gzc‘),\izzve
Input — Signal
Photovoltaic

Array

Figure 1.5: Indirect control using photovoltaic detectors
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Apart from efficient utilization of optical power, another major feature of indirect control using
PV arrays is that no external bias is required [12, 24]. This is a distinct advantage for antenna applications
where metallic bias wires are undesirable as they interfere with radiation patterns. The switching speed of
the photovoltaic approach is governed by the time required to charge/discharge the junction capacitance
associated with the PV array. Transient times as small as 10 ns have already been demonstrated [24] and
are sufficiently fast for most microwave applications.

Indirect control using biased detectors

This scheme basically employs an optical link [9, 13] instead of a metal wire to distribute the control
signal. Electronic control information is used to modulate an optical signal, which is then launched onto
an optical fiber. At the receiving end (shown in fig. (1.6)) a reverse biased photodetector (PIN
diode/Schottky detector) is used to detect the optical signal and extract the electronic control information.
The electronic control signal then goes through gain/level shifting blocks before being applied to the
control input of a microwave circuit/system.

Note that this technique has subtle differences from the previously described photovoltaic control
technique. Firstly, the photodetector used here is reverse biased for high-speed operation, as opposed to
the photovoltaic scheme where the detector is unbiased. Also, in the previous scheme, the output from the
photovoltaic array is providing bias to the device being controlled. In this scheme, the device being
controlled needs an independent bias supply and the photodetector output just contains control
information. Like in the photovoltaic control case, since an efficient photodetector is used for the optical
to electronic conversion process, the optical power requirements are low. The speed of this scheme is
basically just limited by the capability of the optical link. Fiber links with data rates of up to 40 Gbits/sec
have been demonstrated and these are more than adequate for microwave control applications.

Bias Supply Bias Supply

, Electrical l

Optical Control

Control \\A Input

Input SA > Gain / Level ) Microwave
\\A ZX Shifting Circuit

Reverse Biased
Photodetector

Figure 1.6: Indirect optical control using biased detectors

A brief summary of the underlying physical mechanisms, optical power requirements, bias
requirements and switching speeds of the various optical control techniques is presented in table (1.1). It
can be seen that the two indirect control schemes have the best performance in terms of low optical power
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requirements and switching speed. This is due to the fact that the optical and microwave functions are
performed in separate devices that can be independently optimized. Of the two indirect control schemes,
only photovoltaic control is suitable for both antenna and circuit applications since it requires no external

bias.

Control Mechanism Optical Power | External Response Time

Technique Requirements | Bias

Direct illumination | Photoconductive | High Optional Limited by carrier

of bulk 0.1-100 W lifetimes in substrate

semiconductors (us—ps)

Direct illumination | Photovoltaic Moderate Required Photovoltaic

of junction devices & 1-10 mW (>100 ns)

Photoconductive Photoconductive

(50-100 ps)

Indirect control Photovoltaic Low Not required | Limited by PV array

using photovoltaic 0.1-1 mW junction capacitance

detectors (> 10 ns)

Indirect control Photoconductive | Low Required Limited by optical

using biased 0.1-1 mW modulation and

detectors detection speeds
(>10ps)

Table 1.1: Summary of properties of the various optical control schemes.

1.3 Introduction to the Optically Variable Capacitor (OVC)

As summarized above, photovoltaic control is the most effective scheme for the optical control of
microwave antennas as well as circuits. Photovoltaic control of FETs for switching applications has been
demonstrated in both hybrid [12] and monolithic form [24]. For applications that require optical control of
reactive loads, an Optically Variable Capacitor (OVC) has been employed [25, 26]. The OVC relies on
photovoltaic control of a Schottky varactor diode and is described in more detail in the following
paragraphs.

The Optically Variable Capacitor (OVC) essentially consists of a photovoltaic array and a
Schottky diode that are connected as shown in the circuit schematic in fig. (1.7a). The PV array generates
a light dependent output voltage that reverse biases the Schottky diode and hence determines its depletion
capacitance. Thus this arrangement allows the Schottky diode capacitance to be varied using an optical
signal instead of the conventional electronic bias signal.

The OVC arrangement shown in fig. (1.7a) has several desirable features. The Schottky diode
employed here is always reverse biased, hence it draws very little DC power from the bias supply. Since
this bias is supplied by the PV array, the optical power requirements for the OVC are small. The
separation of the optical and microwave functions allows the detector and varactor to be optimized
independently of each other. The varactor diode is designed such that it is capable of the desired
capacitance swing with the lowest possible RF insertion loss. The PV array is designed to generate the
desired range of output voltages with the smallest amount of optical power. Ease of coupling light and
efficient utilization of the incident optical power are the main concerns for the PV array. The RF blocking
resistor shown in fig. (1.7a) is used to prevent the microwave signal from entering the PV array. This
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ensures that the optical control components do not affect the microwave performance of the varactor
diode. Hence it is possible to design the OVC such that there are no RF performance penalties for using
optical control. The fixed DC load resistor shown in fig. (1.7a) serves two purposes-a) it enables better of
control PV array output voltage under weak illumination conditions and b) it serves as discharge path for
the PV array and helps improve the transient response.

The OVC configuration shown in fig. (1.7b) is a slight modification of the simple configuration
discussed above. The main difference here is that the varactor diode is implemented in the form of two
identical back to back Schottky diodes. The PV array is connected to the common terminal of the two
diodes and it can be verified that the array output voltage reverse biases both diodes by the same amount.
The RF blocking resistors and the fixed DC load resistor have the same functions as their counterparts in
fig. (1.7a). The main benefit of this arrangement is that no DC voltage appears across the microwave
terminals of the OVC. This is important for applications where several devices, each with independent
bias settings, need to be connected in parallel. Also, the connection of capacitive loads across the
microwave terminals does not affect the switching speed in this configuration.
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Figure 1.7: Circuit schematics for the Optically Variable Capacitor
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1.4 Monolithic integrated OVC

A hybrid version of the OVC depicted in fig. (1.7), assembled from commercially available
components, was used to demonstrate [27] optical tuning of a loop antenna at 1GHz. The large size
(constrained by size of the PV array) and connection parasitics associated with the hybrid OVC limited its
use to relatively low frequencies. For optical control of high frequency circuits/antennas, a monolithic
version of the OVC has been developed [25, 26]. It integrates a miniature PV array with a varactor diode
and bias resistor on the same chip. In addition to high frequency operation capability, the monolithic OVC
also has superior switching speed compared to the hybrid version due to lower PV array capacitance.

The design and fabrication of the monolithic OVC posed several interesting challenges. The
material system and the epitaxial layer structure had to be chosen such that both high frequency varactor
diodes as well as efficient PV arrays could be fabricated on the same wafer. Conventional PV cells are
vertical devices (require top and back contacts) with thick active regions for high conversion efficiency.
However, this makes them unsuitable for monolithic integration, so planar PV cells had to be developed.
Additionally, effective isolation schemes to prevent leakage between the various cells within a PV array
were required. All these issues are addressed in greater detail in the next section.
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Varactor Diodes and Photovoltaic Arrays for the
Monolithic GaAs OVC

This section deals with the two main components of the monolithic GaAs OVC- varactor diodes
and photovoltaic (PV) arrays fabricated on GaAs. The motivation behind the fabrication of the monolithic
OVC on GaAs is presented first. This is followed by details regarding the design of high-Q planar
Schottky varactor diodes and high efficiency PV arrays on the same GaAs wafer. The challenges involved
in integrating the epitaxial layer structures of the two devices and developing a compatible fabrication
sequence are discussed. Conventional photovoltaic devices used in solar cell applications are vertical
devices with thick active regions and they require front as well as back contacts. This makes integration
using monolithic techniques very hard, so planar PV cells with limited active layer thickness and both
contacts accessible from the front side were developed. These planar PV cells were integrated into
monolithic PV arrays using airbridges for interconnections and a novel buried oxide isolation scheme was
used for eliminating the problem of substrate leakage. Schottky diodes with a Q-factor of 40 at 10 GHz,
and PV arrays with output voltages of 10.5 V and conversion efficiencies as high as 26.8% have been
demonstrated on the same GaAs wafer, and the detailed results are presented here.

2.1 Choice of material system

There are several material systems in which the monolithic OVC could be implemented, such as
silicon (Si), gallium arsenide (GaAs) and indium phosphide (InP). The need for a high resistivity
substrate, on which the passive microwave components could be fabricated, favored the use of GaAs or
InP since microwave losses on Si substrates are high. Also, due to lower electron mobilities in silicon,
varactor diodes fabricated on silicon have lower cutoff frequencies than varactor diodes fabricated on
GaAs or InP. Another factor against silicon was the fact that it is an indirect bandgap material and hence
has a small optical absorption coefficient in the vicinity of its band edge. Thus the active layer in Si
photodetectors has to be very thick for efficient absorption of the incident optical power. Both GaAs and
InP are direct band gap materials with absorption coefficients that increase very rapidly near the band
edge, thus making them suitable for optical detection applications where the active layer thickness is
limited. Also, the larger bandgap of GaAs (E,=1.4 eV) and InP (E,=1.35 eV) result in photovoltaic
detectors with larger open circuit voltages as compared to Si (E,=1.1eV) photovoltaic detectors.

Thus, both GaAs and InP have considerable advantages over Si for the monolithic OVC
application. Of these two, GaAs was chosen for several reasons- a) low-field electron mobilities in GaAs
are higher than in InP, therefore GaAs varactor diodes have higher cutoff frequencies. b) GaAs based
device technology is cheaper and more mature than InP technology. c) Since most commercially available
MMICs are implemented using GaAs, the fabrication of the monolithic OVC on GaAs opens up the
possibility of integrating the OVC with these MMICs.

2.2 Design of planar GaAs Varactor diodes

Schottky diodes fabricated on GaAs are employed as varactor diodes in a variety of applications
[1] at microwave and millimeter wave frequencies. Although both PN junction diodes and Schottky
diodes can be used as voltage variable capacitors, Schottky diodes are preferred in high frequency/low
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loss applications because they are associated with lower series resistance. Series resistance associated
with varactor diodes is the main source of loss at microwave frequencies and limits the useful frequency
range of the device. One figure of merit commonly used for varactor diodes is the small signal cutoff

frequency (f;) that is defined as
_— @.1n
° 2zRC '
where R is the series resistance and C is the depletion capacitance associated with the varactor diode. The
quality factor (Q) of the device at any frequency f can be expressed in terms of the small signal cutoff

frequency as
__ 1 _r (2.2)
2nfRC f
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Figure 2.1: a) Cross section of a planar Schottky diode on n-type GaAs b) Layout of a planar
Schottky diode
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From equation (2.2) it can be easily seen the in order to obtain a high-Q varactor diode, the small
signal cutoff frequency must be designed to be much higher than the frequency of interest.

Most high frequency applications employ planar varactor diodes because they are compact and
can be easily integrated into circuits with minimal external parasitics. A planar varactor diode consist of a
Schottky contact made on a N” GaAs active region and recessed ohmic contacts to a heavily doped N*
GaAs layer as shown in fig. (2.1a,b). Each diode is fabricated on a separate mesa and the active region
surrounding the mesa is etched down to the semi-insulating substrate for isolation. The capacitance of
these diodes arises due to the space charge underneath the Schottky contact and is given by

C=—=wl ——q&i— 2.3)
d (I/;i - V)

where ¢ is the dielectric constant of GaAs, A4 is the area of the Schottky contact, w is the width of the
Schottky stripe, ! is the length of the Schottky stripe, d is the depletion width underneath the contact, is
the charge of an electron, N, is the donor concentration in the N° active region, ¥; is the built in voltage of
the Schottky contact and V is the applied bias. From equation (2.3) it can be seen that depletion
capacitance is a function of the applied reverse bias. As the reverse bias voltage applied to the Schottky
diode is increased, the depletion width d increases causing the depletion capacitance C to decrease. Once
the depletion edge has reached the N* layer, it gets pinned and does not increase any further with increase
in bias. In some cases if the N” layer is too thick or the doping in the N is high, the Schottky diode may
breakdown before the depletion edge reaches the N* layer. Thus the thickness and doping of the N- layer
determine the maximum capacitance swing that can be achieved. Note that for most applications, a
capacitance ratio (Cpa/Cmin) Of 3 is adequate and this requires a N thickness of the order of 0.3um to
0.45pm depending on the doping. However the N layer is shared with the photovoltaic array (where it
forms part of the optically active region) and so it must be thick enough (~ 1um) to efficiently absorb the
incident light. As a compromise, the N” GaAs thickness used here is 0.7 um. Since the purpose of the N+
GaAs layer is to reduce the series resistance, it is desirable to use the highest possible doping and the
maximum thickness. The N+ doping in our diodes is limited by the ability of the MBE growth system at
UCSB (~ 3 10'%/cm®). The N* layer thickness is constrained to 0.7 pm by the fact that the total epitaxial
layer thickness has to be less than 2 pm of which 1.3 um is taken up by the optically active layers
required for the PV array. More details regarding the choice of layer thickness and the issues involved in
integrating the epitaxial layers for the varactor with the PV array are discussed later.

With the thickness of the layers fixed by integration concerns, the only parameters needed to
specify the design of the varactor diode are the active layer doping and the width and length of the
Schottky contact. These parameters are chosen in a way to minimize the series resistance. As discussed in
[2], the series resistance of these planar devices has contributions from the contact resistance (R.) of the
N-ohmic contacts, the resistance of the buried N+ layer (Ry.), the current spreading resistance (Ryr) and
the resistance of the N- layer (Ry.).

R =R +Ry, +R,+Ry (2.42)

19




Rs=r—c+i L +w p +pt (2.4b)
20 20\ ¢t 121 wi

where 7, is the contact resistance per unit width, p" and ¢" are the resistivity and thickness of the N" layer,
and p- and ¢ are the resistivity and thickness of the N layer respectively. The width of the Schottky
contact is w and the length is / as indicated in fig. (2.1b). Note that the first three terms are independent of
area and depend solely on the periphery of the diode. Thus by lateral scaling i.e. reducing the width of the
Schottky contact but keeping the area constant by increasing the length, it is possible to reduce the series
resistance while maintaining a constant capacitance. Vertical scaling (increasing the active layer doping
and reducing N thickness) becomes important when lateral scaling reduces the periphery dependant terms
and the area dependant term Ry. becomes dominant.

Fig. (2.2) shows the effect of Schottky contact width and active layer doping on the small signal
cutoff frequency of the varactor diodes. These curves have been calculated using values appropriate to our
device- 7,=0.08 Q mm, p'=3 10° Q cm, £'= 0.7 um, £=0.7 um and p estimated from active layer
doping. A Schottky to ohmic spacing s of 4 pm is used for the curves in fig. (2.2) and the Schottky
contact width w is varied from 1 um to 4 um. From these curves, it is apparent that the smallest possible
Schottky contact width is desirable for high cutoff frequencies. However, due to device processing
limitations, the minimum Schottky width employed in our varactor diodes is 2 um. The mesa etching
process introduces height variations on the surface of the GaAs wafer of the order of 2 um (total epitaxial
layer thickness) which requires the use of thick photoresist. This constrains the minimum feature size that
can be accurately/reproducibly written using contact lithography to ~ 2 pm.
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Figure 2.2: Varactor diode small signal cutoff frequency as a function of Schottky contact width
and active layer doping
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Another observation that can be made from fig. (2.2) is that the small signal cutoff frequency
increases as the doping of the N” layer is reduced. This is because lighter doped regions have smaller
capacitance per unit area and so the periphery of a lightly doped diode has to be larger than that of a
heavily doped diode for a given capacitance. Since in our diodes the periphery dependant terms are
dominant, increased periphery leads to lower series resistance. Note that when the doping of the N- layer
is made very small, the last term in equation (2.4) begins to dominate and this causes the series resistance
to start increasing again. This can be seen in the flattening of the f, versus N, curves for very low doping.
Accurate control of doping level is hard for doping densities below 1 10'/cm® and dedicated doping
calibration runs are required. Hence, a conservative value of 2 10'’/cm® was used as the doping density in
the active N- region.

2.3 Fabrication and testing of Schottky Varactor diodes

A GaAs Schottky diode fabrication process was developed that was compatible with process used
for fabricating the GaAs PV cells, since both components had to be integrated on the same wafer. The
first step in the fabrication process was the definition of the diode mesa by RIE etching of GaAs using a
BCl,/SiCly/Cl, GaAs mixture. Next the p-type GaAs layer (part of the PV cell epitaxial structure) was
etched away exposing the top of the active N” GaAs layer. Ohmic contacts were formed by using a self
aligned process to first etch down to the N* contact layer and then depositing AuGe/Ni/Au contacts. The
contacts were alloyed at 420°C for 1 minute and the measured contact resistance was about 0.08 Q mm.
Finally the Schottky contact to the N” GaAs active layer was formed by depositing Ti/Pt/Au metal. Fig.
(2.3) shows the process flow for the Schottky diode fabrication and details of the process are included in
appendix A.

The Schottky diodes were connected to larger pads using airbridges for ease of DC and RF
probing. The DC characterization of the Schottky diodes was carried out on a HP 4145 Semiconductor
Parameter Analyzer. The I-V curve of a 2 pm x 40 pm Schottky diode under forward bias is presented in
fig. (2.4a) and it can be seen that the Schottky diode turns on at a voltage of ~0.7 V. For higher forward
bias voltages, the current is limited by the series resistance of the diode and probes. The series resistance
of the Schottky diode was determined to be 2.65 Q (after subtracting the 2.2 Q contribution of the
probes/measurement setup). Fig. (2.4b) depicts the Schottky diode forward current plotted on a
logarithmic scale. The ideality factor (n) can be estimated from the slope of the I-V curves on the log
scale (equation (2.5)) and was estimated to be 1.1 for our diodes.

e 16.7
dLog(I)/dV

The current versus voltage behavior under reverse bias is plotted in fig. (2.5) and it can be seen
that the reverse breakdown voltage is ~ -7.5 V. Since the N- layer is thick in Schottky diode design used
here, reverse breakdown occurs before the depletion edge gets pinned by the N+ layer. Thus the
maximum capacitance swing in our diodes is limited by the reverse breakdown voltage and our
calculations (equation (2.3)) indicate that a capacitance swing (Cpu/Cnin) of 3.1 is attainable before the
diodes break down.

2.5)
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Figure 2.3: Fabrication process for the planar GaAs Schottky diodes
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Figure 2.6: Comparison of capacitance versus voltage behavior measured at IMHz and at high
frequencies.

24




The capacitance versus voltage behavior of the Schottky diodes was characterized both at low
frequencies (1 MHz) and in the frequency band of interest (0.5-18 GHz). At 1 MHz, direct C-V
measurements were made using a Keithley 590 CV meter. The measured capacitance was corrected for
parasitic pad capacitance and the results are plotted in fig. (2.6). A capacitance variation from 143 fF (0
V) to 65 fF (-6 V) was observed with bias, which corresponds to a capacitance ratio of 2.2.

The high frequency behavior of the diodes was studied by recording the 1-port
s-parameters of the diodes for several values of reverse applied bias. The microwave
s-parameters measurements were made on a Cascade Microtech probe station using ACP-40 CPW probes
that were connected to a HP 8510 network analyzer. In order to de-embed the Schottky diode from the
pads, an on-wafer reference standard comprising of probe pads terminated with a short circuit was used to
set the reference plane at the position of the Schottky diode. The measured s-parameters were converted
to equivalent admittance (¥) parameters and fitted to a simple series RC model using the method
described in [3]. The real and imaginary part of the admittance for a resistor and capacitance connected in
series is given by equation (2.6a)

_ @C*R . oC
110 R TR (2.62)
f<<f, Y=w'C’R+joC (2.6b)

For frequencies well below the diode small signal cutoff frequency, the admittance (¥) can be expressed
in the simpler form of equation (2.6b) which indicates that the imaginary part of Y varies linearly with
frequency while the real part varies as the square of the frequency. The measured and modeled admittance
are shown in figure (2.7a,b) and are in good agreement with each other. Note that for frequencies higher
than 15 GHz, the measured data starts to diverge from the simple series RC model due to the de-
embedding process used here. The pads were treated as a 50 Q line and only the phase delay due to the
size pads was taken into account. A more accurate de-embedding technique is outlined in [2] and uses a
short-circuited pad and an open-circuited pad to obtain an equivalent inductance and capacitance for the
pad. Using this technique it has been shown [2] that the simple series RC model is accurate up to 40 GHz.
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The capacitance extracted from the high frequency s-parameters using the above mentioned
technique compares well with values measured at 1 MHz as indicated in fig. (2.6). The series resistance of
2.87 Q extracted from the high frequency data is only 8.4 % higher than the resistance value of 2.65 Q
estimated from the DC I-V curves. Using measured values for the capacitance and series resistance of the
Schottky varactor diodes, the small signal cutoff frequency is calculated to be 390 GHz. Thus planar
varactor diodes with a small signal cutoff frequency of 390 GHz and capacitance ratio of 2.2 have been
demonstrated here. Moreover, these diodes are compatible with the epitaxial structure and fabrication
process of the PV arrays required for the monolithic OVC.

2.4 Design of GaAs Photovoltaic detectors

Besides the varactor diode, the other major component of the OVC is the photovoltaic (PV) array,
which converts the optical control signal into an electrical bias signal. The basic principle of operation of
the photovoltaic detector employed here is similar to that of solar cells used for the generation of
electrical power from solar radiation. However, as opposed to solar cells, which must efficiently absorb
energy over a wide wavelength range (solar spectrum), the PV arrays employed in the OVC can be
optimized to efficiently absorb optical energy in a narrow range of wavelengths since the illumination
source is a laser diode/LED. This reduces the design complexity of the PV array. However, the
integration of several photovoltaic detectors into a monolithic array, which is to be fabricated on the same
wafer as high frequency varactor diodes, poses several constraints on the design of the monolithic PV
array. All these design considerations are discussed in this section. As mentioned in section 2.1, the
monolithic OVC is to be fabricated on GaAs; hence only GaAs based PV devices are considered here.
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Figure 2.8: Cross section of a typical GaAs solar cell

Fig. (2.8) depicts the epitaxial structure and geometry of GaAs PV detectors used for solar cell
applications [4-6]. The device shown here is a P-N homojunction diode although Schottky barrier diodes
and heterojunction diodes can also be used as solar cells. The junction is relatively shallow (0.1-0.5um)
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and the active region is made thick (3-5um) to efficiently absorb the incident optical energy. The top
contact to the p-region is made in the form of narrow metal fingers to minimize the blocking of light. A
large area back contact provides the ohmic contact to the n-region through the heavily doped substrate.
An antireflection coating to minimize reflection of incident light at the air/GaAs interface and a
passivation layer to reduce surface recombination velocity are applied at the top surface to increase cell
efficiency.
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Figure 2.9: a) Typical I-V curve for a photovoltaic device under illumination
b) Simple equivalent circuit for an illuminated PV device.

The bandgap of GaAs is 1.42 eV which corresponds to a threshold wavelength of 880 nm. When
light with wavelength shorter than 880 nm is incident on the device, electron-hole pairs are generated,
which increases the minority carrier concentrations in the device. The excess minority carriers (electrons
in the p-region and holes in the n-region) that are able to diffuse to the junction before they recombine are
swept across the junction by the built in field. The carriers generated within the depletion region are also
swept across the junction by the built in field. This flux of optically generated carriers gives rise to a
current that flows in the same direction as the reverse saturation current of the diode. The effect of
illumination on the electrical characteristics of a diode is shown in fig. (2.9a). It can be seen that the light
induced current opposes the forward current of the diode and translates the I-V curve downward into the
fourth quadrant. Since the I-V curve passes through the fourth quadrant, it indicates that the device is
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capable of delivering power to an external load. The equivalent circuit model for an illuminated diode is
shown in fig. (2.9b) and consists of a current source, which accounts for the photocurrent, connected in
shunt with an ideal diode.

The current versus voltage behavior of an illuminated diode can be described by the following
equation

qv
I= 10[e"” - 1)— Lopoto 2.6)

where the first term is the current of a diode in the absence of illumination and Lonoto 1s the optically
generated current. Note that the polarity of the photocurrent has been correctly chosen to oppose the
forward current in the diode. Under short circuit conditions (V=0), the diode current goes to zero and it
can be seen from equation (2.7) that the entire photocurrent is delivered to the short circuit.

V=0 = [ ,=-1

photo (2 '7)

Under open circuit conditions (I=0), a positive voltage appears across the terminals of the diode. The
physical basis for the open circuit voltage can be understood by balancing the drift and diffusion
components of the diode current. Since the net current flowing out of the device terminals must be zero,
the built in junction potential decreases (i.e. the diode develops a forward bias) so that the diffusion
current component can cancel the light induced drift current.

9Voc I
I=0 = Io(e""? —1):1 = V =ﬂln[—‘i]'ﬂ+l] 2.7

photo oc
q 0

The short circuit current and open circuit voltage points are indicated on the I-V curve depicted in fig.
(2.9a). Also shown is the point at which maximum power is delivered to an external load. The maximum
power is P, =Vl and occurs when the load impedance R, connected to the cellis given by

R=- @)

The power conversion efficiency 7 is the ratio of the maximum electrical power delivered to the load to
the optical power incident on the device. Equation (2.9) expresses the power conversion efficiency in
terms of the open circuit voltage, short circuit current, incident optical power P, and the fill factor FF.
The fill factor depends on the shape of the I-V curve and is defined in equation (2.10).
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Thus in order to obtain the highest possible conversion efficiency, it is essential to maximize the short
circuit current (I), the open circuit voltage (V,.) and the fill factor (FF). The following paragraphs
outline how these terms can be increased by appropriate design of the PV cell.
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As indicated in equation (2.7), the open circuit voltage (V,.) varies as the logarithm of the ratio of
the photocurrent to the reverse saturation current and hence the ratio Lo/, should be made as large as
possible. This requires that the incident light be absorbed efficiently to generate the maximum possible
photocurrent. It is also desirable to have a low reverse saturation current I,, which decreases exponentially
with increasing bandgap. Thus all other factors being the same, diodes made from materials with a larger
bandgap generate higher open circuit voltages. As discussed earlier, this is one of the advantages of using
GaAs PV cells instead of silicon cells. Another important consideration in obtaining high open circuit
voltages is that the ideality factor n of the diodes be as close to unity as possible. Although it appears
from equation (2.7) that larger ideality factors (#>1) may enhance the open circuit voltage, in reality the
opposite is true. Effects such as recombination within the depletion region, defect conduction, surface
leakage along device periphery, which cause deviation from ideal diode behavior also cause the reverse
current I, to increase by several orders of magnitude. Thus although the ideality becomes larger (n>1), the
ratio of Lyeo/I, decreases by several orders of magnitude so that the net effect is a smaller open circuit
voltage.

The diode ideality factor # and open circuit voltage ¥, also affect the fill factor FF of the I-V
curves. PV cells with higher ¥, have higher fill factors For a given open circuit voltage, the fill factor
increases as the diode ideality factor approaches unity. For example in GaAs PV cells operating at a Vo of
0.9 V, the fill factor increases from 0.79 for n=2 to 0.87 for n=1. Two other factors that influence the fill
factor are the series and shunt resistance of the cell. In order to obtain high fill factors, the series
resistance must be small and the shunt resistance as large as possible.

There are several considerations that go into maximizing the photocurrent of PV cells. The
thickness of the cell, carrier lifetimes in the active regions, and surface recombination velocity, all play a
crucial role in determining how effectively the device converts the incident light into electrical current. A
commonly used figure of merit is the quantum efficiency, which is a measure of the number of carriers
collected at the terminals to the number of photons incident on the device, and is expressed as

Iphoto/q - Ipholo 1.24
P /hv B, A(um)

where L., is the photocurrent, P, is the optical power incident on the device, g is the charge of an
electron, 4 is Planck’s constant, v is the frequency of the incident light and A(um) is the wavelength in
microns. Thus for a given optical power, the photocurrent is maximum when the quantum efficiency is
maximum (QE=1). One of the key design rules for attaining high quantum efficiency is that the total
depth of the active region must be large enough to absorb the incident light. Since the intensity of light
falls off exponentially with depth (¢***), it is sufficient to make the cell 3-4 times the absorption length
(1/6)) to ensure that greater than 95% of the light is absorbed in the device. The absorption length (defined
as the reciprocal of the absorption coefficient @) is a function of wavelength of the incident light. For
GaAs, which is a direct bandgap semiconductor, the absorption coefficient increases rapidly just below
threshold (from ~0 @880 nm to 1 10%cm @840 nm) and then increases slowly with decreasing
wavelength (5 10%cm @600 nm). In order to be good energy conversion devices, GaAs solar cells are
designed for efficient absorption of light over as wide a spectral range as possible. To ensure high
quantum efficiency at the longer wavelengths (just below 880 nm) where the penetration depths are large,
active layers with thickness in the range 3-5um are commonly used in GaAs solar cells.
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Recombination at the front surface of the cell as well as in the bulk material causes a reduction in
the minority carriers available to be swept across the junction by the built-in fields. Thus in order to
maximize the photocurrent, the loss of carriers to the competing mechanisms of surface and bulk
recombination must be reduced as much as possible. Bulk recombination can be reduced by ensuring that
lifetime of the minority carriers in the active regions is long resulting in large diffusion lengths. When the
diffusion length of the minority carriers is large compared to the light penetration depth, a high
percentage of the photogenerated carriers diffuse to the junction before they recombine and hence
contribute to photocurrent. Although carrier lifetimes and diffusion lengths are not uniquely determined
by the doping level (very sensitive to growth technique/growth conditions), they do increase when the
doping is lowered. Thus lightly doped active regions are desirable for low bulk recombination losses. The
effects of surface recombination, which occur due to the presence of surface states that trap the minority
carriers, can be minimized by surface passivation layers. For GaAs the surface recombination velocity at
the GaAs-air interface can be as high as 10° cm/sec. Several passivation layers have been explored for
solar cell applications [7] but the most widely used is a thin layer of AlGaAs [6, 8] with high Al content
(>80% Al). The low density of states at the AlGaAs-GaAs interface can reduce the surface recombination
velocity by two orders of magnitude to about 10* cm/sec. The AlGaAs layer is made thin (0.03-0.1 pum)
so that it absorbs an insignificant amount of the incident optical power at the shorter wavelengths.

Thus, the key requirements for high quantum efficiency in GaAs solar cells can be summed up as
follows- a) active layers thick enough to absorb the longest wavelength of interest, b) lightly doped active
regions with long minority carrier lifetimes and long diffusion lengths, and c) surface passivation with
thin AlGaAs layers.
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Figure 2.10: Cross section of a planar GaAs photovoltaic detector designed at UCSB for use in the
monolithic OVC

The PV arrays used in the monolithic OVC differ from conventional GaAs solar cells in two
aspects- 1) the PV cells are planar and 2) the active layer thickness is less than 2 um due to fabrication
and integration concerns. The vertical configuration employed in solar cells is not suitable for the OVC as
it requires a heavily doped substrate (high microwave loss). Also, vertical cells require a bottom contact
that makes monolithic integration a challenge. The planar PV cell configuration employed in the OVC is
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depicted in figure (2.10). The cell is fabricated on a semi-insulating GaAs substrate. Contacts to both p-
type and n-type regions are accessible from the front surface of the wafer thus making connections using
monolithically fabricated airbridges easy. The airbridge process, which is employed to interconnect
components within the OVC, requires that the total height variation on the GaAs wafer be no more than 2
pm. This limits the total epitaxial thickness of the OVC to 2um . Another constraint on the PV array
design is that the epitaxial layers must be shared with the varactor diode as both components are
fabricated on the same wafer. ‘

Due to the limited thickness of the active layer, the PV arrays employed in the OVC have low
quantum efficiencies at longer wavelengths. However this is not a serious problem since the PV arrays
used in the OVC do not need to cover a wide spectral range. In fact, the operating wavelength of the PV
array is a design parameter. The PV arrays employed in the OVC are optimized for efficient operation in
the 600-700 nm wavelength range. The main reasons for choosing this range of wavelengths is the
availability of cheap illumination sources. The other reason is that the optical penetration depth in this
range of wavelengths is well matched to the active layer thickness available in the OVC.

Details of a planar PV cell intended for use in the monolithic OVC are shown in
fig (2.10). The top two layers (P"GaAs and N'GaAs) are the optically active layers while the bottom N*
layer is the contact layer. The N GaAs and N* GaAs layers are shared with the varactor diode. The
thickness A of the optically active region is chosen to be 1.3 um as this corresponds to 3 absorption
lengths (1/c) at 700 nm, which is the longest wavelength of interest. Thus more than 95 % of the incident
light is absorbed in the active region for all wavelengths less than 700 nm. The depth of the junction is
chosen according to guidelines given in [4] where it is shown that for GaAs PV cells with passivation, the
quantum efficiency is maximum when junction depth is around 0.6 pm. The doping in the P-type GaAs
layer is 5 10'"/cm®, which keeps the series resistance due to the P-type layer low while still maintaining
long electron diffusion lengths. The doping used in the N'GaAs layer is made low (2 10"/em®) to ensure
long hole lifetimes. Note that this low doping is also beneficial for the Schottky varactor diodes where the
small signal cutoff frequency increases as the doping of the N” GaAs layer is reduced. Since the total
thickness of all the epitaxial layers can be at most 2 pm (of which the top 1.3 um constitutes the optically
active region), the bottom N+ layer is made 0.7 um thick. This layer is doped heavily (3 10%/cm?) in
order to lower the series resistance for the PV cells as well as the varactor diodes. A thin layer of
AlgsGa jsAs is included on top of the P-type GaAs layer to reduce the recombination velocity at the front
surface of the cell. An anti-reflection (AR) coating is also applied to the front surface of the cell to
minimize reflection of light from the front interface. A silicon nitride film with refractive index 2.05 and
thickness 100 nm is used as the AR coating here. Thus the epitaxial layers of the varactor diode and the
PV array have been successfully combined in the design of fig. (2.10).

Fig. (2.11a) shows a theoretical spectral response curve (quantum efficiency versus wavelength)
of the planar PV cell designed for the monolithic OVC. The spectral response curve is generated using a
program which is described in appendix B. The program calculates the relative contributions of the P-
layer, the N-layer and the diffusion region to the total photocurrent generated in the device and then
estimates the quantum efficiency using equation (2.11). The values for the minority carrier lifetimes and
diffusion lengths used in the program were taken from the literature for MBE grown material [8] with
similar doping levels. Although the exact values of these parameters depend on growth conditions and
processing steps, the values in appendix B provide a good starting point for verifying the design.

32




Internal Quantum Efficiency

o - meseamans ; F L SLTT
0"T".'ff“.l....l....l....l‘...I....I..'1|

0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
Wavelength (um)

(a)

1 T
- r
g 095
2 L
2
&
=
£ - :
a L
-]
=4
=
?, L
E 0.85 [

0.8 . ] .
10* 10° 10°
Top Surface Recombination Velocity (cm/s)
(b)

Figure 2.11: a) Simulated curve for quantum efficiency as a function of wavelength for a planar
GaAs PV detector b) Simulated curve depicting effect of surface recombination velocity on the
quantum efficiency at 670 nm.

The spectral response curve shows that for wavelengths longer than 700 nm the quantum
efficiency is low due to the limited active layer thickness. However, in the wavelength range of interest
(600-700 nm) the quantum efficiency is higher than 95%. It can also be seen that the major contribution
to the photocurrent is from the top P-layer since most light is absorbed close to the front interface of the
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cell. Thus, since a large number of carriers are generated close to the front surface, it is essential to reduce
surface recombination velocity. Fig. (2.11b) shows the effect of front surface recombination velocity on
the simulated quantum efficiency at a wavelength of 670 nm. It can be seen that the quantum efficiency
drops from 97% to 81% when the recombination velocity increases from 10* cm/sec to 10%m/sec. This
reiterates the need for the AlGaAs passivation layer at the front interface.

2.5 Isolation and layout considerations

The photovoltaic detector used in the OVC must be capable of generating an output voltage
greater than 7 V in order to obtain the full capacitance swing in the varactor diode. Since individual GaAs
PV cells (PN junction type) have output voltages in the range 0.7-1.1 V, it was decided to use a PV array
with 10 GaAs (PN junction) PV cells in series. In order for the PV array to work in the desired manner, it
is essential that there be no leakage between the individual PV cells that are connected in an array.
Parasitic leakage has deleterious effects on PV array performance as current can flow through the
alternate leakage path instead of flowing through the series of PN junctions. This can lead to lower output
voltages, smaller fill factors and lower energy conversion efficiency. Conventionally, devices fabricated
on GaAs are isolated using mesa isolation. This involves etching away the active region surrounding each
device to the semi-insulating substrate. However, mesa isolation by itself is not adequate [9, 10] to
prevent leakage in monolithic PV array applications. Under illumination, a shunt leakage path exists
between the devices due to photogenerated carriers in the semi-insulating substrate as depicted in fig.
(2.12a). In order to prevent substrate leakage, an oxide layer is placed at the base of the individual device
mesas as shown in fig (2.12b). This buried oxide layer is created by the lateral oxidation of AlgGa 2As
and serves to isolate the device from the photoconductive layer in the substrate. Since the oxide layer is
insulating and its properties do not degrade under illumination, it provides an effective solution to the
substrate leakage problem when used in conjunction with mesa isolation. A similar approach [11] has
been used to reduce output conductance in GOl MESFETs and HEMTs due to buffer/substrate leakage.

The layout of the PV array requires careful consideration because it affects the energy conversion
efficiency and the ease of coupling light into the array. As discussed in section 1, the monolithic PV array
has to be small so that it can be embedded in high frequency structures. Also larger area arrays are
associated with bigger junction capacitance, which slows down the switching speed. At the same time
decreasing the array size too much also has drawbacks. Coupling light into the structure becomes harder
due to smaller alignment tolerances and in some cases focussing optics are required to reduce the spot
size. Taking these considerations into account, it was decided to use PV arrays with 250 um diameter. A
large multi mode fiber with a core diameter of 200 um could be butt-coupled to the array, thus
eliminating the need for focussing/collimating optics. This arrangement allows for alignment errors up to
50 microns without significantly affecting the PV array performance. Another concern for good layout is
that the ratio of optically active area to the total PV array area be large. Regions between device mesas
and regions shadowed by contact metal do not contribute to photocurrent even though they are
illuminated and hence must be minimized. The circular array with pie shaped detectors, shown in fig.
(2.13), minimizes the inactive regions between devices. The big contact pads and airbridges are placed
towards the periphery of the array so that the inner region of diameter 200 pm (matched to fiber core) is
not blocked by metal. For the structure shown in fig. (2.13), the optically active region occupies 80% of
the total area enclosed by the array. Note that the inactive regions can not be made much smaller (limited
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by process capabilities), so when the PV array dimensions are reduced, the inactive regions become larger
fractions of the total area thus reducing the optical efficiency.
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Figure 2.12: a) Leakage path through the substrate due to the presence of photogenerated carriers
b) Buried oxide layer to eliminate substrate leakage.

Figure 2.13: Layout of monolithic GaAs PV array, designed and fabricated at UCSB, showing pie
shaped detectors connected together by airbridges to form a circular array.
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2.6 Fabrication of planar GaAs PV cells and arrays

The epitaxial structure of the GaAs wafers used for the fabrication of monolithic PV arrays are
shown in fig. (2.14a,b). The structures were grown by Prashant Chavarkar on MBE system B at UCSB.
The structure depicted in fig. (2.14a) incorporates a .05 pm thick AlgsGag,As layer below the N' contact
layer. As discussed in the previous section, this AlgGagAs layer is oxidized laterally to form an
insulating layer at the base of the device mesa. The structure shown in fig. (2.14b) is the control structure
and it does not have the buried AlosGag,As layer for lateral oxidation. The control structure serves as a
reference to study the effectiveness of the buried oxide isolation scheme. It also enables us to determine
whether the oxidation process has any deleterious effects on the electrical/optical characteristics of the PV
cells. Another difference between the two structures is that the control sample does not have the
AlgsGasAs window layer at the top surface. Thus the effect of the Al gsGa 15As passivation layer on the
surface recombination velocity can be studied. Apart from these differences, the two structures in fig.

(2.14a,b) are identical.
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Figure 2.14: a) Epitaxial layer structure for the oxidized sample b) epitaxial layer structure for the
control sample.
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Figure 2.15: Fabrication process for the planar GaAs PV arrays

The fabrication of the monolithic GaAs PV arrays is similar to the fabrication process used for
conventional GaAs PN junction diodes except for two changes- the addition of the lateral oxidation step
and the stage at which the mesa isolation is carried out. A layer of AlgsGag,As is incorporated below the
N contact layer during MBE growth of the epitaxial layers and is oxidized in steam using a process
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described in [11]. The Oxidation step needs to be carried out before any steps that involve metallization
(contacts, airbridges etc.) as it requires exposure to elevated temperatures (430°C) for a long time (40
minutes). Also, since the oxidation proceeds laterally, the diode mesa has to be etched to expose the
AlgsGarAs layer before it can be oxidized. Hence the mesa etch is the first step in the monolithic PV
array process shown in fig. (2.15). At the end of the mesa etch step, thickness variations of the order of 2
um are present on the wafer surface, which limits line width attainable in the following lithography steps
(reason why Schottky contact widths of 2 pm are used). Following the mesa etch, the buried Al sGap2As
layer is oxidized in steam at 430°C for 40 minutes. A self-aligned step is used to etch away the P-GaAs
and N-GaAs material and Au/Ge/Ni/Au contacts are deposited on the heavily doped N* GaAs contact
layer. The N-ohmic contacts are alloyed at 420°C for 1 minute. Next the P-ohmic contacts are fabricated
by etching away the AlgsGa sAs window layer and depositing Ti/Au metal on the P GaAs contact layer.
Airbridges connecting the cells within each array are fabricated using a two layer resist scheme described
in detail in appendix A. Finally a layer of silicon nitride of thickness 0.1 pm is applied to the top surface
of the cell as an anti-reflection coating.

Two wafers with the epitaxial structure listed in figure (2.14a,b) were taken through the
fabrication process simultaneously. The wafer with the buried oxide layer is referred to as the oxidized
sample and the wafer without the buried oxide layer is called the control sample. Note that for the control
sample, the oxidation step is eliminated but all other fabrication steps are the same as those for the
oxidized sample.

2.7 Characterization of single large area GaAs PV cells

The processed wafers contained single large area PV cells in addition to 10-cell PV arrays that
were intended for use in the monolithic OVC. The electrical and optical performance of the single large
area PV cells was characterized first and then the properties of the 10-cell PV arrays were measured. The
array performance was compared to that of the single PV cells to ensure that the monolithic integration
process did not degrade their performance. The electrical properties were characterized (in the absence of
illumination) by measuring the I-V curves on a HP4145 Semiconductor Parameter Analyzer. Optical
characterization of the devices was performed by recording the I-V curves for different intensities of
illumination. The illumination source used here was a semiconductor laser diode operating at a
wavelength of 670 nm and capable of producing up to 10 mW of optical power. The light from the laser
diode was launched into a large multi mode fiber with core diameter 200 pm. The output end of the fiber
was butt coupled to the device under test and was positioned using a fiber probe mounted on a XYZ
translator stage.

The I-V curve of a single large area PV cell fabricated on the oxidized wafer is shown in fig.
(2.16a,b) on a linear and logarithmic scale. From the linear I-V curve, we can see that the forward turn on
voltage for the PN-junction diode is about 1.2 V. For large values of forward bias, the diode current is
limited by the series resistance of the diode and this is calculated to be 8.7 Q. Fig. (2.16b) shows the I-V
data on a log scale. The horizontal axis in this plot is the junction voltage and is calculated by subtracting
the voltage drop due to the series resistance from the applied bias. Using the slope of the log(I)-V curve in
equation (2.5), an ideality factor can be estimated for the devices. As depicted in fig. (2.16b), the ideality
factor is 2 for low values of applied forward bias and 1.7 for higher forward bias. This because the actual
diode current has an injected component () and a component due to recombination generation () as
described in equation (2.12).
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For low values of forward bias (<0.8 V), the recombination generation component dominates and this
explains the n=2 region. For higher forward bias, the injected current starts to dominate, but the total
current still has contributions from the recombination term and so the ideality factor is between 1 and 2
(1.7 in this case). The range of voltages around 0.9 V is of interest to us as the photogenerated voltage is
of this order. By fitting the measured I-V data in this voltage range to the ideal diode equation, an ideality
factor of 1.7 and a reverse saturation current density of 5 10" A/cm?® were estimated for the PV cell on
the oxidized wafer. Similar values have been reported for PV cells on MBE grown GaAs. The
measurements and analyses reported above were repeated for a large area PV cell on the control wafer.
The results are shown in fig. (2.17a,b) and are essentially the same as that for the oxidized sample. This
tells us that the lateral oxidation step did not adversely affect the electrical properties of the PV cell.

The I-V curves of the single large area cells were also recorded for varying intensities of optical
illumination. Fig (2.18a) and fig (2.18b) show the I-V curves under illumination for the oxidized sample
and the control sample respectively. As mentioned earlier, these curves were measured at a wavelength of
670 nm. From the I-V curves, the short circuit current and the open circuit voltages were extracted and
their dependence on the optical power was studied. Fig (2.19a) depicts the short circuit current of the
oxidized and control sample as a function of optical power. As expected, the short circuit current for both
samples varies linearly with incident optical power. From the slope of the I, versus P, curve the external
quantum efficiency was calculated to be 75% for the oxidized sample and 69.6% for the control sample.
The higher quantum efficiency for the oxidized sample is believed to be due to reduced surface
recombination at the top interface because of the Alg;GasAs layer. Note that the quantum efficiency
numbers calculated above are external quantum efficiencies and do not take into account the fact that
some of the light is reflected at the front surface and that the contacts block some of the light. After
accounting for light lost due to these effects, the internal quantum efficiency is calculated to be 85.8% for
the oxidized sample and 79.6% for the control sample. Fig. (2.19b) depicts the measured open circuit
voltages as a function of the optical power in decibels and shows that the open circuit voltage does indeed
vary as the logarithm of the incident optical power. Note that the open circuit voltages are almost identical
for both samples. The fill factor and the energy conversion efficiency were also extracted from the I-V
data for the large area PV cell on the oxidized wafer and the control wafer. The fill factor was almost
equal for both samples but the oxidized sample had a higher energy conversion efficiency of 35.3%
compared to the control sample with an energy conversion efficiency of 33.3%. Note that the higher
energy conversion efficiency is due to the higher short circuit currents in the oxidized sample, which in
turn is attributed to the fact that the Al gsGa,;sAs layer reduces surface recombination. The performance of
the two samples is summarized in table (2.1). The numbers measure here are comparable with those
reported in the literature for planar PV cells [12].

Sample Quantum efficiency Fill Factor Conversion efficiency
Control 69.6% 0.81 33.3%
Oxidized 75% 0.82 353%

Table 2.1: Summary of single large area PV cell performance under illumination with 5 mW of
optical power at 670 nm.
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Figure 2.16: Forward I-V curves for a large area PV cell (oxidized sample) in the absence of
illumination
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2.8 Characterization of 10-cell GaAs PV arrays

The dark I-V curve for a 10-cell PV array is shown in fig. (2.20a) on a linear scale. It can be seen
that forward conduction through the array turns on at ~12 V which is to be expected since the turn on
voltage for a single cell is approximately 1.2 V. The series resistance of the 10 cell array is 64 Q. The data
shown in fig. (2.20a) is for the oxidized sample but the control sample has similar characteristics (in the
absence of illumination) as can be verified from the log(I) versus voltage behavior shown in fig. (2.20b).
From the slope of the log(I)-V curves, an ideality factor and reverse saturation current for the individual
diodes within the array can be computed. This assumes that the applied bias is divided equally among the
10 diodes and is a reasonable assumption since all the diodes are identical. The computed ideality factor
for the diodes is 1.9 and the reverse saturation current is 4 10" A. Note that these values are higher than
the corresponding ideality factor and reverse saturation current calculated for single large area PV cells.
This can be explained by the fact that the cells within the PV array have a higher perimeter to area ratio
than the large area test structures and hence the surface recombination current constitutes a larger fraction
of the total diode current for the diodes in the array. The data in fig. (2.20b) confirms that electrically, the
PV array behaves like 10 diodes connected in series and that in the absence of illumination, the oxidized
sample and the control sample have similar electrical characteristics. The similarity in the dark I-V curves
of the oxidized and control sample is to be expected since substrate leakage becomes an issue only when
the array is illuminated.
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Figure 2.20: a) I-V curve for a 10-cell PV array on the oxidized wafer b) Comparison of the I-V
characteristics of 10-cell PV arrays with and without the buried oxide.

The I-V curves of the 10-cell PV array for various values of illumination intensity are plotted in
fig. (2.21a) for the oxidized sample and in fig. (2.21b) for the control sample. The extracted short circuit
current and open circuit voltage as a function of optical power are depicted in fig (2.22a,b). Since the
voltage across the array is zero under short circuit conditions, the substrate leakage current is zero and
hence both the samples have similar short circuit currents. However, under open circuit conditions, the
photogenerated voltage causes some of the photocurrent to flow through the substrate leakage path for the
control sample. The oxidized sample is effectively isolated from the substrate and hence the entire
photocurrent flows through the series of PN junctions. This explains the higher open circuit voltages seen
in the case of the oxidized sample. The effect of substrate leakage can be seen clearly in fig. (2.23a)
where the I-V curves for the oxidized sample and the control sample are shown side by side. Besides
reducing the open circuit voltages, substrate leakage also adversely affects the fill factor and energy
conversion efficiency. Table (2.2) compares the performance of 10-cell PV arrays with and without the
buried oxide. The fill factor of the oxidized sample is 0.84 and that for the control sample is 0.44. The
energy conversion efficiency for the oxidized sample is 26.8% while that for the control sample is only
13.3%. From this data it can be seen that the buried oxide layer is effective in preventing substrate
leakage.

Note that even for the oxidized array, the energy conversion efficiency is lower than that of a
single large area PV cell (35.3%). The reason for this disparity is that some of the incident optical power
is absorbed in the inactive regions between the device mesas. As indicated earlier, the ratio of the
optically active area to the total array area is 0.8, which explains why the efficiency is correspondingly
lower.
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Sample Open circuit voltage Fill Factor Conversion efficiency

Control 995V 0.44 13.3%

Oxidized 105V 0.84 26.8%

Table 2.2: Summary of 10-cell PV array performance under illumination with 5 mW of optical
power at 670 nm.
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Figure 2.21: I-V curves as a function of illumination for 10-cell PV arrays fabricated on a)
oxidized wafer b) control wafer
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2.9 Effect of DC loads on the performance of 10-cell PV arrays

As discussed in the previous section, a fixed DC load resistance is connected across the PV array
in the OVC. This resistance acts as a discharge path for the array and improves the switching speed. The
other advantage of using this resistor is that it helps to “linearize” the output voltage versus optical power
response. From fig. (2.22b) it can be observed that the output voltage increases as the log of the optical
power under the open circuit conditions. This makes the voltage very sensitive at low illuminations and
less sensitive for higher illuminations. In fact, in going from no illumination to a very small optical power
(50 uW), the array output voltage increases from 0 V to 8.1 V in the open circuit case. This situation is
undesirable since it requires extremely accurate control of the optical power. As shown in fig. (2.23b), the
fixed DC load resistance addresses this problem. The output voltage increases linearly for low optical
power and eventually becomes a logarithmic function at high optical power. Note however that the
reduced sensitivity comes at the cost of increased optical power requirements. The smaller the value of
load resistance, higher is the optical power required to generate a given output voltage

The ability of a PV array to drive a load is linked to its fill factor. Since the control sample has a
much lower fill factor than the oxidized sample it can not effectively drive small loads. This is indicated
in fig. (2.23b) where it can be seen that for a given optical power and load resistance, the control sample
generates a lower voltage than the oxidized sample. Also, the disparity in the output voltages between the
control sample and the oxidized sample becomes larger as the value of the load resistance is decreased.
To realize the importance of this effect, let us consider an application that requires the PV array to
generate up to 8 V across a 500 KQ load. In the case of the oxidized sample, 500 pW of optical power
would be required where as the control sample would need an optical power 0f 1.3 mW to drive the same
load to 8 V. This emphasizes the importance of the buried oxide layer in reducing the optical power
consumption.
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Figure 2.23: a) Comparison of I-V curves of 10-cell PV arrays fabricated on the oxidized wafer
and the control wafer. b) Array output voltage for various DC load values.

An equivalent circuit model for the illuminated 10-cell PV array under DC loading is shown in
fig. (2.24a). The model consists of 10 PN diodes in series, connected in parallel with a current source that
accounts for the photogenerated current. Note that this model implicitly assumes that all the diodes are
being illuminated uniformly and that the photocurrent generated in each is identical. This assumption is
reasonably good for the circular array configuration and provides a good starting point for analysis. The
diodes are assumed to have an ideality factor of 1.9 and reverse saturation current of 4 10"* A based on
the measured I-V data. The amplitude of the photocurrent is calculated from the optical power since the
quantum efficiency of the diodes is known. Using the parameters discussed above for the elements of the
equivalent circuit model, the output voltage of the PV array driving a DC load was simulated on the HP
EEsof DC Test Bench. The simulation results showed good agreement with the measured data as depicted
in fig. (2.24b). Hence the equivalent circuit model of fig. (2.24a) can accurately predict the PV array
output voltage as a function of optical power as well as DC load resistance.

Thus, planar GaAs PV arrays have been successfully fabricated alongside planar GaAs Schottky
varactor diodes (on the same wafer) using monolithic fabrication and integration techniques. A novel
buried oxide isolation scheme was utilized in the monolithic PV arrays to prevent substrate leakage under
illumination. The PV arrays with the buried oxide isolation are capable of generating up to 10.5 volts
under illumination and have fill factors and energy conversion efficiencies as high as 0.84 and 26.8 %
respectively. The high fill factor and conversion efficiency enables the PV array to drive DC loads with
small optical powers. This plays an important role in reducing the optical power requirements of the
OVC, as will be discussed in more detail in the following section.
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Figure 2.24: a) Equivalent circuit model for 10-cell PV array driving an external DC load b)
Comparison of simulated and measured array output voltage.
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Demonstration of the Monolithic OVC in Microwave
Circuits and Antennas

This section deals with the fabrication and testing of the monolithic OVC and its demonstration in
microwave circuits and antennas. Using monolithic techniques, GaAs PV arrays, Schottky varactor diodes
and resistors were simultaneously fabricated on the same wafer and integrated to form the complete OVC.
The monolithic OVC was subsequently incorporated into monolithic microwave circuits and antennas.
Details of the fabrication and integration techniques are reported here. Microwave performance of the
individual OVC and the circuits/antennas that incorporate the OVC is also presented. Optical control of
band reject filters, x-band analog phase shifters and folded slot antennas has been demonstrated. The
circuits/antennas mentioned above did not require external DC bias and less than 500 uW of optical
power was needed for the maximum tuning/control range. This is the lowest reported optical power
requirement for bias free optical control of microwave circuits. Also, the transient response of the OVC
was measured and it was demonstrated that the rise/fall times of the OVC could be made less than 1 ps
(which is fast enough for several microwave control applications). Thus, this section demonstrates the
feasibility of the monolithic OVC technology for low power, bias-free control of microwave circuits and
antennas.

3.1 Monolithic integration of the OVC components

The monolithic OVC consisted of a GaAs PV array, a varactor diode and a
RF-blocking resistor connected as shown in fig. (3.1a). The GaAs PV array consisted of
10 planar PN-junction photovoltaic cells, connected in series to form a circular PV array. The varactor
diode employed in the OVC was a planar Schottky diode. The design, fabrication and testing of the 10-
cell GaAs PV array and the Schottky varactor diode have been described in detail in section 2. The RF-
blocking resistor was of 2.5 KQ value and was fabricated on-wafer using NiCr as the resistive layer. The
NiCr layer (50nm thick) had a sheet resistance of 40 Q/square and so the resistor was designed to have a
length to width aspect ratio of 62.5. CPW contact pads were provided to enable microwave measurements
on the OVC and also to make it easy to incorporate the monolithic OVC into microwave
circuits/antennas. The connections between the individual components within the OVC, as well as to the
CPW pads, were made using monolithically fabricated airbridges. A schematic of the layout of the
monolithic OVC is shown in fig. (3.1b).

Note that in fig. (3.1a) the DC load resistor is shown external to the monolithic OVC. The DC
load resistor is the only component of the OVC that was not fabricated and integrated using monolithic
processing techniques. As discussed in section 2, this DC load resistance is required to reduce the
sensitivity of the PV array for low illumination intensities and to increase the switching speed. Since this
resistance must large (100 KQ-1 MQ), it was not implemented on wafer. A miniature chip resistor of
value 100 KQ-1 MQ was wire bonded to the OVC circuit to provide the DC load. Connection parasitics
due to the wire bonds were not a concern since this load resistor only affects the DC performance and acts
like an open circuit at microwave frequencies.
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A brief description of the fabrication process for the monolithic OVC is given here and detailed
processing instructions are included in appendix A. The process flow schematic in fig. (3.2) depicts the
simultaneous fabrication of the individual OVC components and their eventual integration. The first step
is the definition of the active mesa regions for the PV cells and the Schottky diodes. The material
surrounding the active mesas is removed by RIE etching away the GaAs layers down to the semi-
insulating substrate. The next step is the lateral oxidation of the AlgsGa,As layer at the bottom of the
device mesas. The lateral oxidation of the AlgsGa g,As is carried out in the presence of steam in a furnace
at 430° C. At the end of this step the all the mesa regions have been effectively isolated. The next step is
the removal of the P-type GaAs material on the Schottky mesas to expose the lightly doped N” GaAs
layer, which is the topmost layer for the Schottky diodes. Self-aligned N-ohmic contacts are made by
etching down to the heavily doped N* GaAs contact layer and depositing AuGe/Ni/Au. The contacts are
alloyed at 430° C for 1 minute. Note that the N-ohmic contacts for the PV cells and the Schottky varactor
diode are fabricated in the same step. The varactor diodes are completed when Pt/Au is deposited as the
Schottky contact layer on the lightly doped N- GaAs layer on the Schottky mesa. Note that this step does
not affect the PV cell mesa. The PV cells are completed by depositing a non-alloyed Ti/Au contact on the
heavily doped P+ GaAs layer on the PV cell mesas. Next a layer of silicon nitride (SisNy) of thickness 85
nm is deposited over the entire wafer. This layer serves as the anti-reflection coating for the optically
active PV cell mesas. The SisNy layer lying on the semi-insulating substrate acts as the insulating barrier
on which the NiCr resistor and CPW metal can be deposited. This insulating layer prevents optically
generated carriers in the substrate from leaking into the resistor/CPW metal. The RF-blocking resistor is
fabricated by depositing a layer of NiCr of thickness 50 nm on top of the silicon nitride layer. The next
step is the evaporation of 1.5 um thick Ti/Au to form the CPW pads and the resistor contacts. Finally all
the components are connected using a two-step air bridge process described in detail in appendix A.

A picture of the monolithic OVC fabricated at UCSB is shown in fig. (3.3a). The circular PV
array, RF-blocking resistor, Schottky varactor diode, CPW pads and airbridges used for connections are
clearly visible.

3.2 Microwave characterization of the monolithic OVC

The microwave performance of the monolithic OVC was tested on a Cascade RF probe station
with X-Y-Z translator stages on which ACP-40 CPW probes were mounted. The CPW probes were
connected to a HP 8510 network analyzer to make s-parameter measurements. The measurement setup
was calibrated using the Line Reflect Match (LRM) calibration scheme developed by Cascade
Microelectronics. The illumination for the OVC was provided by a semiconductor laser diode operating at
a wavelength of 670 nm. The output from the laser was coupled into a multi-mode fiber with a core
diameter of 200 um. The output end of the fiber was aligned vertically over the OVC using a fiber probe
mounted on a X-Y-Z translator stage. Fig. (3.3b) shows a picture of the measurement setup and the CPW
probes and the fiber probe can be clearly seen over the stage bearing the OVC wafer.
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Figure 3.3: (a) Picture of monolithic OVC fabricated at UCSB (b) photograph of the measurement
setup used for microwave characterization of the monolithic OVC.

The s-parameters of the OVC were recorded as a function of optical illumination over the frequency range
of interest. At microwave frequencies, the RF-blocking resistor effectively acts like an open circuit and so
the PV array makes negligible contribution to the RF performance of the OVC. Thus the OVC essentially
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behaves like a varactor diode at the end of CPW pads. Hence the same technique that was used for
characterization of the Schottky varactor diode was used here to study the microwave characteristics of
the OVC. In order to de-embed the OVC from the CPW pads, an on-wafer reference standard comprising
of probe pads terminated with a short circuit was used to set the reference plane at the position of the
OVC. The measured one port s-parameter (S11) was converted to an equivalent admittance (¥) and fitted
to a simple series RC model using the method described in [1, 2]. The OVC capacitance extracted from
the s-parameter data is shown as a function of optical power in fig. (3.4). It can be seen that the OVC
capacitance varies from 0.85 pF to 0.38 pF when the optical power is increased from 0 pw to 200 pW.
Thus a capacitance swing by a factor of 2.2 was achieved with just 200 pW of optical power. Note that
the DC load resistor for this measurement was 1 MQ and was due to the impedance of the probing setup.

The variation of the OVC capacitance with optical power was modeled using the measured
characteristics of the individual OVC components. As discussed in the previous section, the PV array
output voltage has been recorded for different optical powers and DC load resistances. The variation of
the Schottky varactor capacitance with applied bias has also been studied. By combining this data, a curve
for the expected OVC capacitance variation with optical power was generated. As shown in fig. (3.4), the
modeled capacitance versus optical power curve and the capacitance extracted from the s-parameter data
show reasonably good agreement. The extracted capacitance is about 0.04 pF higher than the expected
capacitance and this can be attributed to fringing capacitance not accounted for in the model.

Monolithic microwave circuits such as band reject filters and x-band analog phase shifters, which
incorporated the OVC as the optically controlled reactive element, were designed and fabricated. Folded
slot antennas with shunt OVCs for impedance tuning were also fabricated and tested. Bias free optical
control of these circuits/antennas was demonstrated and the details are provided in the following sections.
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Figure 3.4: OVC capacitance variation with optical power.

58




3.3 Optically tunable band-reject filter

One of the simplest circuits designed to demonstrate optical control using the monolithic OVC
was the optically tunable band reject filter. The circuit was fabricated on GaAs using monolithic
techniques and shared the same process steps as the OVC. A picture of an optically tunable band reject
filter circuit fabricated at UCSB is shown in fig. (3.5a). The CPW lines for the input and output of the
microwave signal, the CPW resonator, and the OVC are clearly visible.

(a)

RF RF
input output

Z0o=80 Q
40° @ 5GHz

Monolithic

Co=0.85 pF
ovC 0 P

(b)

Figure 3.5: (a) Picture of optically tunable band reject filter fabricated at UCSB (b) equivalent
circuit for the optically tunable band reject filter.

The equivalent circuit for the optically tunable band reject filter is given in fig. (3.5b) and shows
an OVC (zero bias capacitance 0.85 pF) placed at the end of a shunt stub of impedance 80 Q and length
2.5 mm. The basic principle of operation of this circuit is fairly straightforward. The stub loaded with the
OVC acts as the resonator whose electrical length determines the resonance frequency. At resonance, the
OVC-loaded shunt stub appears like a short circuit, causing the microwave signal to be reflected. Hence

59




frequencies in the vicinity of the resonance frequency are not transmitted through the structure resulting
in band reject characteristics. Due to the optically variable capacitance loading the shunt stub, the
resonance frequency and hence the rejection band can be tuned optically.
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Figure 3.6: (a) Measured response of the optically tunable band reject filter
(b) simulated response of the optically tunable band reject filter.
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The measured performance of the optically tunable band reject filter fabricated at UCSB is shown
in fig. (3.6a). Note that the rejection frequency can be tuned from 3.8 GHz to 5.2 GHz, which corresponds
to a 31% tuning range centered about 4.5 GHz. Note that no external DC bias was used and only 450 uW
of optical power was required to achieve the maximum possible tuning. This is the lowest reported optical
power [3-5] for bias-free optical control of a tunable filter. Note that the DC load resistance for this
measurement was 500 KQ, due to the parallel loading effect of the input and output probes (1 MQ per
probe). The performance of this circuit was also simulated on the HP EEsof linear test bench. The
transmission line sections were modeled using the CPW element available in EEsof while actual
measured s-parameter data was used for the OVC. The simulated results, shown in fig. (3.6b), are
consistent with the measured data and the resonance frequency is off by less than 5.7 %. Note that the
magnitude of the measured rejection is greater than 15 dB over all tuning states. Better rejection can be
achieved by using multiple resonator sections, which is a straightforward extension of the circuit
described here.

3.4 Optical control of a X-band analog phase shifter

Optical control of Schottky contacted CPW phase shifters has received considerable attention in
the literature [6-8]. These phase shifters consist of a CPW line where the center conductor acts like a
distributed Schottky contact while the ground planes serve as the ohmic contacts. The problem with these
phase shifters is that the insertion loss is high and losses as high as 20 dB for a 180° phase shifter have
been reported [7]. Also, these phase shifter circuits require a large reverse bias voltage to be applied
across the Schottky diode. These problems have been overcome in the optically controlled phase shifter
designed at UCSB. The phase shifter consists of a CPW line periodically loaded with shunt varactor
diodes. The varactor diodes are controlled by an integrated photovoltaic array, which provides the bias for
the circuit. The entire circuit including the CPW line, Schottky varactor diodes, PV array, RF-blocking
resistor and the airbridges for connections are fabricated using the same process as the OVC. A picture of
the optically controlled phase shifter circuit fabricated at UCSB is shown in fig. (3.7a). Note that this
circuit differs from the conventional OVC circuits in that a single photovoltaic array simultaneously
controls several varactor diodes. Since all the diodes in the phase shifter require the same reverse bias
voltage, they can be controlled using the same PV array.

An equivalent circuit for the varactor-loaded CPW line controlled by the PV array is shown in
fig. (3.7b). A high impedance transmission line (Z,=77 Q) is periodically loaded with varactor diodes
(zero bias capacitance of 0.28 pF). When a uniform transmission line is periodically loaded, the structure
exhibits Bragg frequencies at which the reflections add in phase and transmission through the structure is
suppressed. For frequencies well below the lowest Bragg frequency, the periodic load elements can be
absorbed into the line and the entire structure can be treated as an artificial transmission line with
modified impedance and propagation characteristics. In the case of a CPW line loaded with varactor
diodes, the capacitance per unit length of the artificial transmission line has contributions from the
unloaded line capacitance (C;) and the varactor capacitance (C,). The inductance per unit length (Z,) of
the artificial line is unchanged from that of the unloaded line. The characteristic impedance and phase
velocity of the varactor diode loaded line are given by (3.1). Note that all terms involving the varactor
capacitance are divided by the spacing between the diodes (Ly) to obtain an equivalent varactor
capacitance per unit length. It is evident from (3.1) that by varying the bias across the varactor diodes, it is
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possible to change the varactor capacitance and hence the phase velocity. However changing the
capacitance per unit length also changes the characteristic impedance of the artificial transmission line.
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Figure 3.7: (a) Picture of an optically controlled phase shifter fabricated at UCSB
(b) Equivalent circuit for the optically controlled phase shifter.

By reducing the variation in the total capacitance, the change in the characteristic impedance can be made
small, at the cost of reducing the maximum change in propagation constant (44™“). However it is still
possible to design the circuit for any desired maximum phase shift (4¢™“) by ensuring that the line is of
suitable length (L,o) as given by (3.2). '
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ZO(V) = J ! (3.1a)
q + Cvar(V)/ Lsecl
v, (V)= 1 (3.1b)
phase L,(C, + Cvar(V) / Lsec,) .
Ap™ =22 f L (C + Cl T L G +C 1L, ) (322
A¢max = Aﬂ mathotal (3.2b)

The phase shifter circuit fabricated at UCSB consisted of a CPW transmission line of characteristic
impedance 77 Q, periodically loaded with varactor diodes with zero bias capacitance of 280 fF. The
periodic loading capacitors were implemented using two varactor diodes connected in parallel from the
CPW center conductor to either ground plane in order to maintain the symmetry of the structure. The
length of the unit cell (spacing between diodes) was chosen to be 980 um resulting in a Bragg frequency
of 18 GHz. 10 identical cells were connected in series to form an x-band analog phase shifter.

The measured differential phase shift as a function of frequency for different optical powers is
plotted in fig. (3.8a). The measured insertion loss and return loss versus frequency curves for different
illumination levels are shown in fig. (3.9a) and fig. (3.10a) respectively. From these curves it can be
verified that the phase shifter circuit fabricated at UCSB is capable of 175° of phase shift at 12 GHz with
less than 2.5 dB of insertion loss and return loss lower than —12 dB. The optical power required to achieve
the maximum phase shift is only 450 uW. Moreover, no DC bias is required for the operation of the phase
shifter. This is the best performance for a bias free optically controlled phase shifter [5, 7, 9].The
microwave performance of the optically controlled phase shifter was also simulated on HP EEsof using
the equivalent circuit model shown in fig. (3.7b). The simulated results for the differential phase shift
versus frequency are shown in shown in fig. (3.8b) and show good agreement with the measured data.
The simulation predicts a maximum phase shift of 180° at 12 GHz, which is only 2.8% higher than the
measured phase shift of 175°. The simulated insertion loss versus frequency curves are depicted in fig.
(3.9b) and maximum predicted insertion loss at 12 GHz is 2.3 dB which is only 0.15 dB lower than the
measured insertion loss of the phase shifter. The simulated return loss curves are also similar to the
measured data as shown in fig. (8.10b).

The performance of the optically controlled phase shifter rivals the performance of some of the
best electronic phase shifters. This result shows the potential of the varactor diode loaded CPW line for
microwave control applications.
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Figure 3.9: Measured (a) and simulated (b) insertion loss versus frequency data for different
optical powers.
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Figure 3.10: Measured (a) and simulated (b) return loss versus frequency curves for the optically
controlled phase shifter.

3.5 Optical impedance tuning of a folded slot antenna

To demonstrate the usefulness of the OVC for controlling microwave antennas, an optically
tunable slot antenna was designed, fabricated and tested at UCSB. Like the previously described circuits,

66




the optically tunable folded slot antenna was fabricated on GaAs and used the same fabrication process as
the OVC. A picture of a folded slot antenna with an integrated OVC is shown in fig. (3.11a). The folded
slot antenna was designed to be A/2 long at 18 GHz. Due to capacitive loading of the antenna by the OVC
the resonance frequency is shifted down to 14.5 GHz. When optical power is incident on the OVC, the
capacitance decreases thus causing the resonance frequency to increase. Fig. (3.11b) shows that the folded
slot resonance frequency can be tuned from 14.5 GHz to 16 GHz by using just 450 pW of optical power.
This is the lowest reported optical power requirement for bias free control of a microwave antenna.

Folded Slot Antenna

Figure 3.11: Picture of an optically tunable folded slot antenna fabricated at UCSB

Return Loss (dB)

Frequency (GHz)

Figure 3.12: Measured return loss performance of an optically tunable folded slot antenna
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3.6 Transient fesponse of the OVC

Control components used in microwave circuits have response times that vary from milliseconds,
for ferrite based devices, to nanoseconds for electronically controlled FETs/diodes. Photovoltaic control
of FETs using hybrid PV arrays with rise and fall times of 2 ps and 20 ps respectively has been
demonstrated. The response speed of the hybrid PV FET reported in [10] was limited by the large
capacitance of the hybrid PV array. Since the monolithic OVC has a small PV array with lower junction
capacitance, it is capable of faster response.

The transient response of the OVC was characterized using the setup shown in fig. (3.132). A
pulse generator with a 40 KHz square wave output was used to modulate the current output from the laser
driver circuit. The laser driver circuit produced current pulses with rise and fall times of the order of 200
ns. Note that the laser driver circuit was not designed for rapid pulsed operation and hence tended to
produce overshoot in the leading edge of the pulse. The light output from the 670 nm semiconductor laser
diode followed the current waveform of the laser driver. The modulated light was input to the OVC using
a 200 pm core diameter multi mode fiber. The voltage developed by the PV array across the OVC was
used as the indicator of the OVC response. The OVC voltage was measured using Picoprobe SP11 active
probes that were connected to a HP digitizing oscilloscope. The active probes, with a low input
capacitance of 0.1 pF, were used to measure the array output voltage to avoid capacitive loading of the
device under test by the measurement setup.

The rise and fall time of the OVC can be predicted using the simplified equivalent circuit models
shown in fig. (3.13b,c). The model for the rise time consists of an ideal current source charging two
capacitors in parallel. The amplitude of the current source is given by the photocurrent delivered by the
PV array under short circuit conditions. Cay(¥) accounts for the depletion capacitance of the PV array
while Cyuracor(V) accounts for the depletion capacitance of the Schottky varactor diode. Note that both the
capacitors vary with the voltage across the OVC - the PV array capacitance tends to increase with voltage
as the PV cells are getting forward biased while the Schottky varactor diode capacitance decreases since it
is getting reverse biased. An exact solution for the rise time requires a numerical integration but an
approximate value can be obtained from equation (3 3)

- CyV
I

sC

3.3)

where ¢, is the rise time, V is the final voltage across the OVC under illumination, I is the short circuit
current generated by the PV array under illumination and C,z is some effective capacitance to account for
the two voltage variable capacitors. The simplified model for the fall time of the OVC is shown in fig.
(3.13c) and consists of two capacitors discharging through a shunt load resistor. Note that the both the PV
array capacitance as well as the Schottky varactor capacitance are voltage dependent and hence it is not
possible to come with an analytical formula for the fall time. An approximate formula is given in (3.4)

t, % RputCop (3.3)

where # is the fall time, Ry, is the DC load resistance, and C,y is some effective capacitance to account
for the two voltage variable capacitors. Note that the effective capacitance used for the fall time
calculation does not have to be the same as that used in the rise time calculations.
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Figure 3.13: (a) measurement setup used for characterizing the transient response of the
monolithic OVC. Simplified equivalent circuit models for the rise time (a) and fall time (b)

Although (3.3) and (3.4) can not be used to predict the exact rise and fall times, they can be used
predicting the scaling laws. It is easily seen that decreasing the total capacitance of the OVC (includes
both PV array and varactor capacitance) reduces both the rise and fall times. On the other hand,
increasing the short circuit current by using more optical power only reduces the rise time. The DC load
resistance helps reduce the fall time by providing a discharge path for the capacitors. In the absence of

this load resistance, the capacitors discharge through internal leakage current which is very small, thus
resulting in long fall times.

Some of these scaling laws have been tested by measurements and the results are presented in fig.
(3.14a,b). Note that the overshoot at the leading edge is caused by the current overshoot in the laser driver
circuit. Fig. (3.14a) depicts the effect of the zero bias capacitance on the response speed. Note that the rise
time in both cases is very similar and is around 280 ns. This is because the rise time of the OVC is limited
mainly by the rise time of the laser driver circuit, which is of the order of 200 ns. The fall time for the
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circuit with zero bias capacitance of 1.4 pF is 4.1 us while the fall time for the circuit with zero bias
capacitance of 0.7 pF is 2.3 ps. Thus the fall time reduced by a factor of 1.8 when the zero bias
capacitance was decreased by a factor of 2. Note that the peak optical power for these measurements was
600 uW and the DC load resistance was 1 MQ.
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Figure 3.14: (a) Effect of total OVC zero bias capacitance on the switching speed
(b) effect of DC load resistance on the switching speed of the OVC
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The effect of the DC load resistance on the fall times is depicted in fig. (3.14b) and shows that
when the load resistance was reduced from 1MQ to 330 KQ, the fall time decreased from 2.3 pF to 780
ns (almost a factor of 3). The rise time was again limited mainly by response speed of the laser driver
circuit and was similar for both cases. Note that when the DC load resistance was reduced to 330 KQ, the
peak optical power had to be increased to 900 uW to maintain the same peak output voltage. This is to be
expected based on the results from the last section where it was shown that smaller loads require higher
optical powers to achieve the same PV array output voltage.

Zero bias capacitance | DC load resistance Rise Time Fall Time
1.4 pF 1 MQ 290 ns 4.1ps
0.7 pF 1 MQ 270 ns 2.3 ps
0.7 pF 330 KQ 290 ns 780 ns

Table 3.1: Summary of the measured rise and fall times of the OVC

A summary of the rise and fall times is presented in table (3.1). The rise time for the arrays is of the order
of 280 ns and is measurement setup limited. The fall time is a strong function of the zero bias capacitance
and the DC load resistance and can be made as small as 780 ns. These response times are adequate for
most microwave control applications.
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